A growing body of experimental data indicate that oxygen radicals may mediate the brain injury during ischemia-reperfusion. One potential source of oxygen radicals is activated neutrophils. To study the role of neu trophils in radical production during cerebral ischemia reperfusion, we evaluated the effects of depletion of cir culating neutrophils by administration of an anti neutrophil monoclonal antibody (RP3) on radical formation in rats with l-h middle cerebral artery (MCA) occlusion. In the present study, we employed a new elec tron spin resonance method coupled with b. rain microdi alysis. The method uses the endogenous ascorbyl radical (AR) concentration as a marker of oxygen radicals and requires no spin-trapping agents. In the vehicle controls,
extracellular AR decreased during MCA occlusion. After reperfusion, AR significantly increased at 30 min and 1 h, returned to near basal level until 2 h, and increased again at 24 h after reperfusion. In the rats treated with RP3, AR decreased during MCA occlusion to the same extent as in the vehicle control. However, RP3 treatment completely inhibited the increase in extracellular AR after reperfu sion. RP3 treatment exerted no effect on the changes in extracellular ascorbate or tissue P02 throughout the ex perimental period. In conclusion, neutrophils are a major source of oxygen radicals during reperfusion after focal cerebral ischemia. Key Words: Cerebral ischemia reperfusion-Neutrophils-Free radicals-Ascorbyl rad ical-Electron spin resonance. been reported to attenuate brain injury during isch emia-reperfusion (He et aI. , 1993; Liu et aI. , 1989) . Recent evidence also suggests that neutrophils play an important role in the development of ischemia reperfusion injury by releasing a variety of cyto toxic products including oxygen radicals (Granger, 1988; Harlan, 1985; Lucchesi et aI. , 1989; Mullane et aI., 1988) . It has also been reported that neutro phil depletion or inhibition of neutrophil function exerts a significant protective effect in ischemia reperfusion-induced brain injury (Bowe et aI. , 1993; Chopp et aI. , 1994; Clark et aI. , 1991; Matsuo et aI. , 1994a. b) . In the heart (Ko et aI. , 1991) and small intestine (Nilsson et aI. , 1994) , activated neutro phils are a major source of radical production dur ing reperfusion after ischemia. However, few stud ies have evaluated the contribution of neutrophils to radical production during cerebral ischemia reperfusion. Thus, the aim of the present study was to evaluate the effects of neutrophil depletion on radical formation during cerebral ischemia reperfusion.
The chemical nature of free radicals makes them extremely reactive and short-lived, which renders their direct detection and quantification very diffi cult. Recently, by using spin-trapping agents and electron spin resonance (ESR) spectroscopy, free radical formation has been demonstrated during ce rebral i schemia-reperfusion (Philli s and Sen, 1993; Zini et aI., 1992) . However, the effects of spin trapping agents on cerebral blood flow or metabo lism have not been assessed. In the present study, therefore, we have employed a new ESR method coupled with brain microdialysis (Kihara et aI., 1992) . The method uses the endogenous ascorbyl radical (AR) concentration as a marker of oxygen radicals and does not require spin-trapping agents.
In the present study, we show that cerebral isch emia-reperfusion induces biphasic enhancement of extracellular AR, and that neutrophil depletion al most completely inhibits the increase in AR during reperfusion after cerebral ischemia. These results strongly suggest that neutrophils are a major source of radical production during reperfusion after cere bral ischemia.
MATERIALS AND METHODS

Animals
Male Wistar rats (Sic Experimental Animal Co. Ltd., Shizuoka, Japan) weighing 270-320 g were used throughout this study. These animals were housed in groups of five in a room with controlled temperature (24 ± 1°C) and humidity (55 ± 5%) under a 12-h light/dark cycle (light on from 8:00 to 20:00). They were allowed free access to food and water.
Surgical procedure
The rats were anesthetized with pentobarbital and placed in a stereotaxic apparatus with the inci sor bar 3.3 mm below the interaural line. The skull was exposed, and a small hole was drilled for im plantation of a cannUla-type dialysis probe (for mea surements of ascorbate and AR) or a carbon fiber microelectrode (for tissue P02 measurement). The dialysis probe consisted of a 2-mm length of dialysis membrane (molecular cutoff of 50,000 daltons, outer diameter of 200 f.Lm), a stainless steel tube, and two polyethylene tubes. The working electrode was prepared from carbon fiber 7 f.Lm in diameter that was sealed in a fine-tipped glass capillary, and an Ag/ AgCl electrode was used as a reference elec trode with a silver wire serving as an auxiliary elec trode. After puncture of the dura, the dialysis probe or the working electrode was carefully inserted into the right frontoparietal cortex (1.4 mm posterior and 6 mm lateral to the bregma and 4.0 mm ventral to the dura) and fixed in place with dental cement and screws to the skull of the rat. This area be comes the ischemic core during right middle cere bral artery (MCA) occlusion (MCAO) (Nagasawa and Kogure, 1989) . The animals were then left to recover for 24 h.
Transient focal brain ischemia was induced as re ported previously (Matsuo et aI., 1994a,b) . Briefly, rats were anesthetized with a gas mixture of 70% N20, 30% °2, and 2% halothane. After median in cision of the neck skin, the right external carotid artery (ECA) was carefully dissected and an 18-mm length of 4-0 nylon thread, precoated with silicon, was inserted from the lumen of the ECA to that of the right internal carotid artery to occlude the origin of the right MCA. Body temperature was main tained at 37°C with a heating pad. After surgery, anesthesia was discontinued and the rats were al lowed free access to food and water until the next procedure. Neurological deficits characterized by severe left-sided hemiparesis and right Horner's syndrome were used as criteria for ischemic insult. After I h of MCAO, the thread was removed to allow complete reperfusion of the ischemic area via the right common carotid artery.
Measurement of AR, ascorbate, and tissue POz
For measurement of brain AR, the dialysis probe connected to a microinjection pump (CMA/ IOO, CMA Microdialysis, Sweden) via the polyethylene tube was perfused with Ringer's solution (mM: K + 4, Na + 147, Ca 2 + 3.1, Cl-157.2) at a rate of 2.0 f.LlImin. Perfusate samples were collected in a mi cropipette tube at 10-min intervals, and spin ad ducts in perfusate samples were immediately de tected by ESR. ESR measurements were performed using an ESR spectrometer (JES-REIX, JEOL, Ja pan) and ESR data system (ESPRIT 380, JEOL, Japan) at the following settings: center field 336.0 ± 0.5 mT; microwave power 20 mW; microwave fre quency 9.4 GHz; modulation frequency 100 kHz; sweep gain 2,000; sweep time I s x 100.
The method used to quantify ascorbate was sim ilar to that described by Geigert et al. (1981) , but with minor modifications. Briefly, the microdialysis perfusates corrected from the frontal cortex were injected, without any treatment, into an HPLC sys tem with an ultraviolet detector (SPD-6A, Shi madzu, Japan) measuring at 245 nm. Ascorbate was separated on an anion exchange column (250 x 4.6 mm inner diameter; Shim-pack CLC-NH2, Shi madzu, Japan) at 25°C. The mobile phase was 25% aqueous acetonitrile containing 2.5 mM (final) po-tassium phosphate buffer (pH 2.6) at a flow rate of 1.0 ml/min and column temperature of 25°C.
For the polarographic measurement of tissue Po2, the electrodes were electrochemically treated in 1 mM sulfuric acid before implantation by applying a triangular wave potential of 0 to -2.0 V, 2.5 Hz for 30 s. After implantation, the electrodes were con nected to the recording circuit and were polarized at -750 mY.
Superoxide dismutase (SOD) or catalase treatment study
To assess the influence of radical scavengers on extracellular AR during reperfusion after cerebral ischemia, rats were administered SOD (50,000 U/kg, i. v., n = 5) or catalase (50,000 u/kg, i. v., n = 5) 15 min before reperfusion. The doses of SOD and catalase chosen in this study were sufficient to re duce brain injury during ischemia-reperfusion (He et al., 1993; Liu et al., 1989) . Extracellular AR was measured as described previously herein. Phos phate-buffered saline (PBS)-treated rats served as vehicle controls (n = 5).
Antibody treatment study
The generation of the anti-rat neutrophil mono clonal antibody RP3 that selectively reacts and de pletes rat neutrophils on in vivo administration was described elsewhere (Sekiya et al., 1989 (Sekiya et al., , 1990 . As citic fluid containing a high titer of RP3 ' was used as an antibody source in this experiment. As an irrel evant antibody, the monoclonal antibody to benzyl penicilloyl haptens, BIG-3N, was also prepared in the form of ascitic fluids (Arimura et al., 1990) .
To assess the influence of depletion of circulating neutrophils on extracellular AR, ascorbate, and tis sue P07 during cerebral ischemia-reperfusion, rats were administered 3 ml of the ascitic fluid contain ing RP3 (n = 5) intraperitoneally 24 h before and immediately after ischemic insult. The dose of RP3 chosen in this study was sufficient to induce almost complete depletion of neutrophils from 6 h over 24 h after administration, has no effect on other blood cells, and inhibited edema formation after transient MCAO in rats (Matsuo et al., 1994a; Sekiya et al., 1989 Sekiya et al., , 1990 . Extracellular AR, as�or bate, and tissue P02 were measured as descnbe? previously herein. PBS-treated rats served as vehi cle controls (n = 5).
Statistics
Each experiment group consisted of five animals. Data are presented as the means ± SO. Data were subjected to unpaired t test or Dunnett's multiple range test. Figure 1 shows typical ESR spectra of AR from cerebral cortex under ischemia-reperfusion. The ESR spectra from control rats' exhibited a relatively stable doublet signal (aH = 0.17 mT, g = 2.0057, Fig. 1A) with the same parameters as AR. The AR signal intensity in perfusate samples remained sta ble at least for 15 min. The mean ± SO of the AR concentration in five control perfusate samples was 0.80 ± 0.11 J..l M. In the control rats, AR decreased during MCA occlusion (64 ± 17% of basal level, p < 0.05: Fig. lB ). After reperfusion, AR increased at 30 min (157 ± 20% of basal level, p < 0.01) and 1 h (142 ± 19% of basal level, p < 0.01), returned to near basal level at 2, 3, and 4 h, and increased again at 24 h (163 ± 22% of basal level, p < 0.01) after reperfusion ( Fig. lC-F) .
RESULTS
Extracellular AR
Treatment with SOD (50,000 U/kg, i.v.) or cata lase (50,000 U/kg, i.v.) 15 min before reperfusion significantly attenuated this increase in extracellu lar AR formation 30 min after reperfusion (Fig. 2) . Figure 3 shows the effects of the neutrophil de pletion on extracellular AR. Depletion of neutro phils was achieved by RP3 treatment during MCAO and after reperfusion, although the number of lym phocytes and monocytes remained unchanged throughout the experimental period (Matsuo et al., 1994a) . In rats treated with RP3, AR decreased dur ing MCAO (62 ± 15% of basal level) as much as in vehicle controls. However, RP3 treatment com- pletely inhibited the increase in extracellular AR after reperfusion (Fig. 3) . To exclude the possibility that neutrophil depletion by RP3 is not the cause of the reduction in AR formation, we evaluated the effect of an irrelevant ascites, BIG-3N (3 ml/animal, i.p.), on extracellular AR during MCAO and reper fusion. Treatment with BlG-3N did not attenuate the increase in AR after reperfusion (data not shown). The control AR signal intensity was un changed by treatment with SOD, catalase, or RP3 (data not shown). Extracellular ascorbate and tissue P02 Figure 4 shows temporal profiles of extracellular ascorbate and the effects of neutrophil depletion un der cerebral ischemia-reperfusion conditions. The mean ± SD of the ascorbate concentration in five control perfusate samples was 6.2 ± 0.4 fJ-M. In vehicle controls, extracellular ascorbate increased to 230 ± 17% of basal level at 30 min after MCAO (Fig. 4) . After reperfusion, extracellular ascorbate increased further at 30 min (629 ± 195% of basal level) and 1 h (569 ± 214% of basal level), returned to near basal level by 4 h (123 ± 35% of basal level), and increased again at 24 h (224 ± 38% of basal level) after reperfusion (Fig. 4) . RP3 treatment ex erted no effect on the changes in extracellular ascorbate during cerebral ischemia-reperfusion (Fig. 4) . The control ascorbate concentration was unchanged by treatment with RP3 (data not shown) Figure 5 shows temporal profiles of tissue P02 and the effects of neutrophil depletion under cere bral ischemia-reperfusion conditions. The mean ± SD of the tissue P02 in five control rats was 38 ± 5 mm Hg. In vehicle controls, tissue P02 declined to 9.2 ± 4.3% of basal' level during MCA occlusion (Fig. 5 ). After reperfusion, tissue P02 increased to 169 ± 51 % of basal level at 30 min and continued to rise significantly until 24 h (292 ± 64% of basal level) after reperfusion (Fig. 5 ). RP3 treatment had no effect on the tissue P02 changes until 4 h after reperfusion. At 24 h after reperfusion, however, tis sue P02 in RP3-treated rats (198 ± 13% of basal level) was significantly (p < 0.05) lower than that in vehicle controls (Fig. 5) . The control tissue P02 .. was unchanged by treatment with RP3 (data not shown).
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DISCUSSION
The results of the present study indicated that (a) a 1-h period of MCAO followed by reperfusion in rats induces a biphasic increase in the extracellular AR, (b) treatment with SOD or catalase attenuates this increase in AR, and (c) depletion of circulating neutrophils completely inhibits this biphasic in crease in AR. These results strongly suggest that the increase in AR reflects neutrophil oxygen radi cal production under conditions of cerebral isch emia-reperfusion.
In the present study, we measured endogenous AR as an indicator of radical production during ce rebral ischemia-reperfusion. AR is the rather stable univalent oxidation product of ascorbate (Buettner, 1990; Buettner and Jurkiewicz, 1993) , which ap pears to be the first extracellular defense against oxygen-derived radicals (Buettner, 1993; Frei et aI., 1988; Halliwell and Gutteridge, 1990) . Recently, AR has been used as a reliable indicator of radical pro duction in myocardial ischemia-reperfusion (Pietri et aI., 1990; Sharma et aI., 1994) . In the brain, AR has also been suggested to be a useful indicator of radical production, because there exists a high level of ascorbate and high rate of oxidative metabolism in brain tissue (Demopoulos et aI., 1980; Moser, 1987) . Indeed, Kihara et ai. (1992) reported the di rect monitoring of AR in vivo in the brain using a microdialysis method. In the present study, we demonstrated a biphasic increase in extracellular AR during cerebral ischemia-reperfusion using such an AR monitoring technique.
To confirm whether the observed AR increase was a result of radical production, we first exam ined the effects of SOD and catalase on the changes in AR. Treatment with SOD and catalase 15 min before reperfusion induced significant attenuation of the increase in AR at 30 min after reperfusion. We also examined changes in extracellular ascor bate to exclude the possibility that the extracellular AR increase was a result of an increase in ascor bate. As shown in Fig. 4 , extracellular ascorbate increased during MCAO, whereas extracellular AR decreased (Fig. 2) . Thus, extracellular AR and ascorbate changes were not parallel. These results indicated that the increase in AR after reperfusion reflects the production of oxygen radicals.
Neutrophils can potentially contribute to tissue reperfusion injury by several mechanisms (Granger, 1988; Harlan, 1985; Lucchesi et aI., 1989; Mori et aI., 1992; Mullane et aI., 1988) . Activated neutro phils release large quantities of superoxide (02 -) and hydrogen peroxide (H202), and these sub stances may interact in reactions catalyzed by tran sition metals (usually iron) to form highly reactive hydroxyl radicals (HO') and singlet oxygen (102) (Badwey and Karnovsky, 1980; Kukreja and Hess, 1992; Weiss, 1989) . It has been reported that circu lating neutrophils can be activated and produce oxygen radicals after myocardial ischemia reperfusion (Ko et aI., 1991) . Recentl y, using a monoclonal anti-CD11/CD18 antibody, Nilsson et ai. (1994) demonstrated that neutrophils are a major source of radical production during reperfusion af ter ischemia of the cat small intestine. However, few studies have evaluated the role of neutrophils in oxygen radical production during cerebral isch emia-reperfusion.
Therefore, we evaluated the role of neutrophils in radical production after cerebral ischemia reperfusion using the anti-neutrophil antibody RP3. In our previous study (Matsuo et aI., 1994a) , RP3 completely depleted circulating neutrophils, inhib ited neutrophil infiltration into affected brain re gions, and attenuated brain injury after MCAO. There is little information about the mechanisms of neutrophil depletion by RP3. Sekiya et ai. (1989) reported that peritoneal macrophages that showed phagocytosis of neutrophils were observed after ad ministration of RP3. Phagocytosis of antibody coated neutrophils by macrophages may be a can didate in the mechanism of neutrophil depletion.
Our present results demonstrated that neutrophil depletion almost completely inhibits both the first and the second phases of AR increase after reper fusion, which strongly suggests that neutrophils are a major source of radicals during cerebral ischemia reperfusion. AR began to increase immediately af ter reperfusion and returned to normal levels until 2 h (first phase). On the other hand, neutrophil infil tration into the ischemic brain began between 6 and 12 h after I-h MCAO and occurred slowly (Matsuo et aI., 1994a) , which resembled the second phase of the AR change. Therefore, we assume that circulat ing neutrophils are involved in the first phase of radical production. On the other hand, infiltrating neutrophils may be involved in the second phase of radical production at 24 h after reperfusion. How ever, there is a possibility that neutrophil depletion alters local blood flow and tissue oxygenation, which may account for the reduction in AR produc tion. To exclude such a possibility, we confirmed that neutrophil depletion does not affect the changes in tissue P02 during cerebral ischemia reperfusion (Fig. 5 ). Still, further work is required to clarify the effect of neutrophil depletion on he morheological factors and local blood flow.
In other organ systems, the enzyme xanthine ox idase (XO) has received considerable attention as a source of free radicals during ischemia and reperfu sion (McCord, 1985) . Although the level of XO in the brain is low when compared with other tissues, its activity is enriched in microvessels (Betz, 1985) . A number of attempts to inhibit XO in the brain have met with mixed results. Some investigators found that XO was involved in radical production (Phillis and Sen, 1993), whereas others found that XO was not a major source of radicals (Betz et aI., 1991; Lindsay et aI., 1991) . In the present study, neutrophil depletion almost completely inhibited the increase in AR after reperfusion. Oxygen radi cals produced by XO may be reduced by antioxi dant mechanisms except ascorbate (e.g., tocopher ol, glutathione, SOD, and catalase). Recently, Nils son et al. (1994) reported that fewer radicals originate directly from XO than from neutrophils during ischemia-reperfusion of the cat small intes tine. They also suggested the possibility that radi cals originating from XO are signaling or triggering devices to activate neutrophils rather than acting as tissue-damaging agents. A similar mechanism may be involved in cerebral ischemia-reperfusion. Re cent evidence suggests that cell-adhesion molecules are important in free radical generation during isch emia and reperfusion (Gillinov et aI., 1994; Nilsson et aI., 1994) . Further work is required to clarify the role of cell-adhesion molecules and neutrophil endothelial cell interaction in radical generation during reperfusion.
J Cereb Blood FlolV Metab, Vol. 15, No, 6, 1995 Recent in vitro findings suggest that oxygen rad icals upregulate the expression of cell adhesion mol ecules (ICAM-l and P-selectin on endothelial cells, CD111CD18 on neutrophils), and initiate neutrophil adhesion to endothelial cells and neutrophil infiltra tion into injured tissue (Sellak et aI., 1994; Yoshida et aI., 1992) . In our previous study (Matsuo et aI., 1994b) , we demonstrated that the expression of ICAM-l on brain capillaries was enhanced on and after 3 h of reperfusion after I-h MCAO, and that neutrophils began to infiltrate into ischemic brain tissue during 6 and 12 h after reperfusion. The first phase of the increase in radicals observed immedi ately after reperfusion may contribute to these pro cesses,
We conclude that extracellular AR is a reliable indicator of oxygen free radical production after ce rebral ischemia-reperfusion and that neutrophils are a major source of oxygen radicals during reper fusion after cerebral ischemia.
